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REMARKS 

Claims 51-72 remain active in the case. Claim 73 has been cancelled as redundant in 
view of amended claim 51. 

Serum- free culture medium is supported on page 26, lines 4-6 ("The neurons are 
grown. . .in serum-free media. The cells are cultured in defined media. . .") and on page 30, lines 
17-20 (The NG-108-15 cell line,. . . has been shown to provide reproducible results. Most of the 
data has been collected with this cell type and they have been shown to live two or three months 
in our defined culture system. The lifespan of the primary CNS cells in our defined or 
reproducible cell culture system is about a month.") 

The added limitation reciting an intervening layer acting as a high-impedance seal is 
supported in the specification at page 11, lines 6-12. 

Deconvoluting changes to identify one or more ion channels affected by the test 
substance is supported on page 7, lines 13-28 and page 10, lines 4-16. 

The amendments are supported fully by the claims and/or specification as originally filed 
and, thus, do not represent new subject matter. 

With regard to serum-free media, all of the initial work on neuronal cell cultures was 
done in what was called "serum-containing media." This was generally bovine serum and was 
though to be essential for culture of neuronal and cardiac cell cultures. However, the serum was 
found to vary between cows, as well as the day and even the time of day that it was drawn. In 
the late 80' s and early 90 's a small number of groups started exploring the idea of having a 
defined or "serum- free" media composition for primary neuronal culture as well as neuronal cell 
lines. This serum- free formulation has many advantages over serum-containing media in the 
present invention because the proteins in serum interfere with the intervening layer and prevent 
one from obtaining a sufficiently sensitive system to perform the deconvolution analysis. 

In 1995, in collaboration with the National Institute of Health, we published the first 
paper that extended the idea of a defined growth media to include a synthetic chemical surface 
and neuronal cell culture preparation procedure to create the first defined system for neuronal 
cell culture. (Schaffher et al., submitted herewith). 
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The concept of deconvolution of an action potential, or any signal for that matter, implies 
that some prior knowledge of the factors contributing to the shapes are known. It is well known 
that an action potential requires the contributions of ion fluxes through at least three distinct ion 
channels. Varying the contributions of these ion fluxes from these channels has been shown to 
very the shape of the action potential, and this is illustrated in Figures 5 and 6 A. of the 
application. Thus, to deconvolute an action potential into its components and relate them to 
pathways or functional categories inside a cell requires some prior knowledge of the biology of 
the system (i.e., a data base of biological test data on the subject cell culture) in order to perform 
the deconvolution step and identify cell pathways. A paper we submitted by Mohan, et al. 
(submitted herewith) illustrates some of our efforts in this area and an implementation of the 
algorithm shown in Figure 10 of the patent application. This algorithm has been used to 
deconvolute one of the examples given in Figure 5 of the application and is shown in Figure A, 
below. 

Control Ricin 1 mM 




Time (ms) Time (ms) 

Figure A. Result of parameter fitting to action potential shapes before (left panel) and after (right 
panel) the application of 1 mM Ricin. Action potentials were recorded from differentiated 
NG108-15 cells using whole-cell patch clamp method. Action potentials was fitted (dotted lines) 
with a computer model of NG 108- 15 cells established based on the measurement of ion channel 
parameters. 
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Table 1. Effect of 1 mM Ricin on the action potential parameters. Action potential parameters 
were obtained by fitting the parameters of our NG108-15 cell model to the experimental data. 1 
mM Ricin caused a significant slow-down of the sodium channel kinetics (parameter A) and a 
decrease of sodium conductances in the membrane (parameter g). The effect of Ricin on the 
other ion channels were not so profound, partly because potassium and calcium channels are 
activated at higher membrane potentials, so their contribution to the Ricin-modified action 
potential is less (the amplitude of the action potential is smaller, barely reaching 0 mV). 

This type of analysis is very different than a spectral analysis "i.e. a Fortier Transform" 
which arbitrarily assigns combinations of sign waves of different frequencies and amplitudes, to 
represent the area under a curve. The assignment of the different sign waves is arbitrary and, 
although it gives a unique signature to a signal, there is no way to relate it to biological 
information, except through an empirical approach to the testing of drugs or other compounds as 
well as toxic chemicals. 

Claims 51-67 and 70 - 73 are rejected under 35 USC 103(a) over Borkholder et al. in 
view of Georger, Jr. et al. 

The Examiner concedes that Borkholder et al. does not specifically disclose an 
intervening layer, as claimed. Furthermore, it does not disclose or suggest serum-free media. 
Finally, it does not inherently disclose a deconvolution analysis. Instead it mentions that a 
"pattern of spectral changes provides a unique signature for the compound. Matching the 
spectral change pattern of a test compound with the spectral change pattern for reference 
compounds provides a useful method for characterization of channel modulating agents." (Col. 
4, lines 15-20, emphasis added). This passage describes using the observed changes as a 
fingerprinting method to associate certain channel-modulating compounds with the observed 
changes, but that is not the same kind of process as deconvoluting a signal to identify the 
contributions of different ion channels to the signal. 
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Georger Jr. et al. teaches a method of making biosensors using photolithography 
placement techniques. It never explicitly states that a high-impedance seal is created or that it 
would enable deconvolution. For instance, col. 7, lines 58-63 does not relate to deconvolution, 
but at most implies a high-impedance seal. Col. 10, lines 58-62 describes manual placement, 
whereas we deposit the cells by celi culture. At col. 13, lines i9 - 24, the ceil culture patterning 
method is to use fewer steps. The discussions at col 16, line 45 and at col. 10, lines 50 - 65 relate 
to positioning. 

Finally, Georger Jr. et al. uses serum (col. 17, lines 60 - 65) and states at col. 18, lines 9 - 
10 that "adhesion is unaffected by serum." Especially where high-throughput screening is 
involved, the absence of serum is vital. 

Claims 51 - 73 are rejected under 35 USC 12, first paragraph, for written description 
problems. Support for the high-impedance intervening layer allowing deconvolution as claimed 
is found on page 11, lines 6-12. 

Claim 51 is rejected under 35 USC 12, first paragraph, on enablement grounds. A 
positive deconvolution step is now recited. 

Claims 51 - 73 are rejected under 35 USC 12, second paragraph, as being indefinite for 
failure to positively recite a deconvolution step. This has been address by amendment. 

Claim 57 has bee clarify with respect to the position of the insulator "surrounding" the 
electrode. 

The dependency of claim 61 has been corrected. 

Claim 67 does add a limitation over claim 66 because "known function" and "unknown 
function" are not the only two possibilities for DNA; some DNA has no function at all. 
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Claim 73 has been cancelled as redundant in view of amended claim 51 . 
Applicants submit the case is now in condition for allowance. 

The Commissioner is authorized to charge the three-month extension of time, or credit 
any overpayment, to Deposit Account No. 50-1710. 
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Abstract 

We have developed an in vitro system that combines the use of a defined medium with a chemically defined surface for the 
differentiation of embryonic rat hippocampal neurons. Cells were grown on silica substrates modified with two chemically distinct 
molecules: poly-r>lysine and an amine-containing organosilane. Cells were dissociated by mechanical or enzymatic methods and grown 
in serum -containing versus scrum-free medium on these surfaces. Our results demonstrate that optimal survival and growth in serum-free 
medium occurs on the artificial surfaces. X-ray photoelectron spectroscopy (XPS) was used to analyze the surfaces both before and after 
cell culture. In addition, surface properties such as elemental composition, the initial thickness of the substrate material, and the thickness 
of material deposited during the course of cell culture were quantified after cell removal. Taken together, the results from the cell culture 
and surface analysis demonstrate that the media, proteins deposited from the media onto the surface, surface composition, and properties 
intrinsic to neuronal membranes all interact in a complex fashion to determine whether or not the cells will adhere and survive in culture. 
In particular, the role of material deposited from the medium onto the culture substratum may be more important than has been previously 
appreciated. This system allows for the study of neuronal differentiation in a well-defined environment. 

Keywords: Neuronal culture; Hippocampus; Rat embryo; X-ray photoelectron spectroscopy; Surface; Serum-free medium: Protein adsorption 



1. Introduction 

We are investigating the critical parameters involved in 
the culture of dissociated hippocampal neurons on artificial 
surfaces. This study has examined several factors that are 
significant in determining neuronal survival as well as 
long-term growth and differentiation in vitro including 
dissociation technique, medium composition and culture 
substratum. Our approach has been a qualitative assess- 
ment of hippocampal neuron viability after varying these 
parameters, and the quantification of the surface composi- 
tion and biophysical properties both before and after cell 
culture. From the surface quantitative data, we can begin 
to address the importance of non-specific surface effects 
on neuronal adhesion and long-term survival in vitro. 

Culture of cells dissociated from the embryonic central 
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nervous system (CNS) provides ready access to multi-dis- 
ciplinary analysis of cellular differentiation and synapse 
formation. A voluminous literature has accumulated detail- 
ing culture conditions suitable for differentiating neurons 
dissociated from the embryonic CNS. However, the condi- 
tions have been chosen primarily in an empirical manner 
and specifically to study different mechanisms associated 
with development in vitro. There are practically as many 
protocols as there are investigators using this strategy. 
Thus, although monolayers of dissociated neurons have 
been routine, if not indispensable for investigating a wide 
variety of cellular and molecular mechanisms critical in 
CNS development, there is no standard protocol. A num- 
ber of factors have been identified that are most critical in 
tetermining neuronal survival and differentiation in vitro. 
These include (1) embryonic day of the dissociate, (2) 
dissociation technique, (3) culture medium composition, 
and (4) culture substratum (see Banker and Goslin, 1991). 

We have investigated three of these variables in the 
study of embryonic rat hippocampal neurons: dissociation 



Elsevier Science B.V. 

SSD1 0165-0270(95)00063-1 



112 



AM. SchaffheretaL /Journal of Neuroscience Methods 62 (1995) 1U-119 



technique, medium composition and culture substratum. 
Substrata commonly used for dissociated neuronal Cell 
culture include polymers of basic amino acids (polylysine 
and polyornithine) (Yavin and Yavin, 1974; Adler and 
Varon, 1981) and extracellular matrix constituents such as 
collagen (Elsdale and Bard, 1972; Carbonetto et al., 1983), 
fibronectin, and laminin (Lein et al., 1992; Lochter and 
Schachner, 1993). These proteins and amino acid ho- 
mopolymers promote cell adhesion, neuronal survival, and 
neunt^birtgrowth/ matrix components are 

presumed to enhance neuronal cell attachment and process 
formation by interaction with specific receptors on the cell 
surface (De Curtis, 1991; Clark et al., 1993; Letoumeau et 
al., 1994). Polycationic amino acids are thought to mediate 
between opposing negative charges on plastic or glass and 
cell surfaces and thus act as a positively charged bridge 
(Lieberman and Ove, 1958). Recently, artificial surfaces 
composed of silane self-assembled monolayers (SAMs) 
have been shown to support culture of dissociated mam- 
malian neurons (Kleinfeld et al., 1988; Stenger et al., 
1993; Hickman et al., 1994). SAM surfaces may be prefer- 
able to other types of substrata for reasons that include the 
wide variety of functional groups available (Ulman, 1991), 
the ability to modulate the surface free energy (Stenger et 
al., 1992), and the ability to create geometric patterns 
without resists or micromachining of the surface (Dulcey 
et al, 1991; Stenger et al., 1992; Ranieri et al., 1993; 
Soekarno et al., 1993; Hickman et al., 1994). 

While a suitable surface is necessary to promote neu- 
ronal growth, it is not sufficient, and other factors, chiefly 
media components including serum, hormones and trophic 
factors are required for long-term survival (Cestelli et al., 
1992; Stichel and Muller, 1992; Ohsawa et al., 1993; 
Schmidt and Kater, 1993). The use of serum-free media 
has enabled the study of neurons in a chemically defined 
environment (Bottenstein and Sato, 1980; Romijn et al., 
1984; Bottenstein, 1985; Romijn, 1988). While studies of 
in vitro cellular behavior are easier to interpret in well-de- 
fined media, it is more difficult to maintain neuronal 
survival (Romijn, 1988; Ohsawa et al., 1993). 

We have examined some of the factors necessary for 
maintaining embryonic rat hippocampal neurons in vitro in 
a matrix that compared serum-containing and serum-free 
media, mechanical and enzymatic dissociation and three 
different surfaces, poly-r>lysine, EDA, and EDA aug- 
mented with heparan sulfate. In the latter case, we looked 
at the effect of pretreating the surface with the biologically 
relevant macromolecule, heparan sulfate, as it has been 
shown to promote neurite outgrowth (Hantaz-Ambroise et 
al., 1987; Stenger et al., 1993). We have used surface 
analytical tools such as X-ray photoelectron spectroscopy 
(XPS) and contact angle measurements to quantify the 
surface properties both before and after culture. We have 
related a first-order surface property, the amount of protein 
adsorption, to cell viability and survival. We propose an 
hypothesis to explain these observed effects. 



2. Materials and methods 

2 J. Chemicals 

/V-2-aminomethyl-3-aminopropyl-trimethoxysilane, 
(EDA), was used as received from Hals of America 
(Petrarch Silanes, Bristol, PA). Heparan sulfate glyco- 
saminoglycan (HS) was obtained from Sigma (St. 
Louis, MO). High molecular wei ght pol y-p-lysine (PL, 
500K) was purchased from Collaborative Research Prod- 
ucts (Bedford, MA). Papain and deoxyribonuclease were 
purchased from Worthington Biochem. (Freehold, NJ). 
Serum-free additives and trypsin inhibitor (ovomucoid) 
were purchased from Sigma with the exception of albumin 
(Miles/Pentex, Kankakee, EL), triiodothyronine and cor- 
ticosterone (Calbiochem, San Diego, CA). 

22. Substrate preparation 

The PL and organosilane films were deposited on glass 
coverslips (22 X 22 mm, 0 thickness) purchased from 
Thomas Scientific (Swedesboro, NJ) or 50 mm diameter 
n-type polished silicon wafers obtained from Virginia 
Semiconductor (Fredericksburg, VA). Glass surfaces were 
first cleaned using HCl/methanol (1:1) followed by a 
concentrated H 2 S0 4 soak for 30 min followed by a water 
rinse. PL films were deposited by exposing cleaned sur- 
faces for 1 h at room temperature to 20 /xg/ml PL 
dissolved in sterile, tissue culture-grade water. The EDA 
films were formed by reaction of cleaned surfaces with 1% 
(v/v) mixtures of the organosilane in 94% (v/v) 1 mM 
acetic acid in anhydrous methanol and 5% water for 15 
min (Hickman et al., 1994). HS at 100 p.g/ml in sterile, 
tissue culture grade water was adsorbed to EDA surfaces 
by incubation at 36°C for 18 h. 

2.5. Preparation of cells 

Tissue was derived from the hippocampi of 18-19-day- 
old rat embryos. Tissue was mechanically dissociated in 
calcium- and magnesium-free Hank's balanced salt solu- 
tion, 0.5 mM EDTA and 0.01% deoxyribonuclease (DNase) 
for approximately 40 min at 37°C. Tissue treated enzymat- 
ically was dissociated in Earle's balanced salt solution 
(BBSS) with 1.0 mM L-cysteine, 0.5 mM EDTA, 0.01% 
DNase, and 20 U/ml papain under similar conditions 
(Huettner and Baughman, 1986). After either dissociation 
method cells were resuspended in 3 ml of EBSS with 
0.01% DNase, 1 mg/ml bovine serum albumin (BSA) and 
1 mg/ml ovomucoid and overlaid on 5 ml of EBSS 
containing 10 mg/ml BSA and 10 mg/ml ovomucoid. 
The 2-step gradient was centrifuged at 80 X £ for 5 min 
and effectively removed dead cells and debris. The pellet 
containing live cells was resuspended in the appropriate 
plating medium. Cells were plated onto glass coverslips at 
a density of 3-4 X 10 4 cells/cm 2 . Cultures were main- 



A.E. Schaffher et al/ Journal of Neuroscience Methods 62 (1995) lit -119 



113 



tained in minimal essential medium (MEM) with 5% fetal 
calf serum (FCS) and 5% horse serum (MEM-S) or in 
serum-free medium (MEM-N3). Serum-free additives were 
used according to Romijn et al. (1984). The final concen- 
tration of the serum-free components were as follows: 
BSA, 10 fig/ ml; transferrin, 200 >ig/ml; putrescine, 200 
fiM; sodium selenite, 60 nM; triiodothyronine, 20 ng/ml; 
insulin, 10 jig/ml; progesterone, 40 nM; corticosterone, 
40 ng /ml. All cultures were maintained in a humidified 
atmosphere of 9.5% C0 2 in air at 36°C. At various time 
points, cells were examined and photographed on a Nikon 
Diaphot microscope using phase-contrast optics. Each per- 
mutation of dissociation method/medium/surface was run 
in duplicate and, in all cases, the qualitative assessment of 
neuronal survival and their morphology was the same in 
duplicate cultures. The cell culture experiment was re- 
peated using two more independent dissociations/platings. 
The results from all three experiments were similar. 

2.4. Wettability measurements 

Contact angles were measured by applying static, ses- 
sile drops of deionized water to substrate surfaces. A 
Zisman type goniometer was used to make measurements 
visually on both sides of the drops. The advancing water 
contact angle, 6^ H2Q) , was taken as the maximum contact 
angle observed as die drop size was incrementally in- 
creased from 5 to 30 ^tl without an increase in the contact 
angle. Measured values of O^oy for a fP ven ^ m varied 
by only 3° across the substrate surfaces, implying macro- 
scopically uniform surface coverages. Replicate measure- 
ments (>3) were obtained for each modified substrate 
region. 

2.5. X-ray photoelectron spectroscopy measurements 

XPS is a technique for the elemental analysis and 
characterization of surfaces (Briggs and Seah, 1992). Sur- 
face analysis was used to define the surface composition 
both before cell culture and at 10-15 days postplating. For 
samples to be analyzed by XPS, the silanization was 
performed either on glass coverslips or polished silicon 
wafers. XPS data were obtained on a SSX-100 spectrome- 
ter equipped with an Al K a source, quartz monochro- 
mator, concentric hemispherical analyzer operating at fixed 
analyzer transmission mode, and a multichannel detector. 
The take-off angle was 35° and the operating pressure was 
less than 10 ~ 8 Torr. X-ray damage was minimized by 
limiting acquisition times. All spectra were referenced to 
the Si 2p 3/2 peak of the substrate and the areas were 
normalized to the Si peak as well. Sample charging was 
neutralized with a 2.7 eV electron beam. 

2.6. Ellipsometry 

The thickness of the material bound to the substrate was 
determined by ellipsometry. Film thickness measurements 



were made using a Gaertner Model LI ISC ellipsometer 
equipped with a helium-neon laser (632.8 nm) light source. 
A refractive index of 1.50 ±10% was assumed for 
protein-modified surfaces. Refractive index values have 
been reported for certain proteins (Prime and Whitesides, 
1991) and should not vary much from protein to protein 
since the component parts are. similar. The data obtained 
by ellipsometry complemented the thickness values ob- 
tained by XPS me^urements. One advantage of ellipsome- 
try is that surfaces do not need to be dried prior to 
obtaining the measurement. 

3. Results 

5.7. Cell survival and growth in vitro 

Three surfaces were evaluated for their ability to sup- 
port neuronal growth: poly-D-tysine (PL), an organosilane 
(EDA), and an EDA film to which HS had been pre-ad- 
sorbed prior to cell culture (EDA/HS). PL is a standard 
culture substratum and one we selected as our reference 
material. EDA is a positively charged surface which may 
mimic PL, and HS is an amoouc i^taferial that will provide 
contact to the positively charged EDA (Stenger et al., 
1993). Two different cell pr^paratioaa methods were used 
(enzymatic and mechanical dissodatiop), and two types of 
media were examined (serum-containing and serum-free 
MEM-N3). 

Neurons in culture for 24 h in serum-containing MEM 
are shown in Fig. 1 and Table 2. PL supported both neuron 
survival and neurite outgrowth (Fig. 1A3) while EDA 
(Fig. 1QD) and EDA/HS (fig. lEf) modified surfaces 
did not support neuronal survival or neurite outgrowth 
regardless of dissociation method. Comparison of dissocia- 
tion methods shows that surviving cells were mostly aggre- 
gated on EDA and EDA/HS after enzymatic treatment 
(Fig. IDJ 7 ), but were largely dispersed after mechanical 
dissociation (Fig. 1C,E) although small aggregates were 
seen here as well. 

Neurons in culture for 24 h in serum- free MEM-N3 are 
shown in Fig. 2 and Table 2. The 6 panels represent the 
same substratum /dissociation method combinations as in 
Fig. 1. In contrast to the results in M&M-S, PL did not 
support survival as -well as EDA or EDA/HS; growth on 
the organosilanes was comparable to that observed for PL 
with serum. There was virtually no cell survival on PL 
after enzymatic dissociation although cells <hd survive and 
extend processes after raetfhaaical dissociation. Papain 
treated cells did equally well on H>A or EDA/HS (Fig. 
2D,F). 

After 72 h, cells continued to be viable and extend 
neurites on PL in the presence of serum, and on EDA or 
EDA/HS in serum-free medium. Neurons survived for 
7-10 days on EDA or EDA/HS in serum-free medium. 
Longer survival ( > 2 weeks) occurred only on PL in the 
presence of serum. 
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32. Surface analysis 

Surface analysis was used to define the surface compo- 
sition both before and after cell culture. Prior to cell 



culture, all substrates were examined by XPS and charac- 
terized with respect to contact angle. XPS is a powerful 
analytical tool since it allows for the identification and the 
quantitation of the elemental composition of a surface. The 






Fig. 1. Hippocampal cells from Ift-day-old embryos in culture for 24 h in serum-containing medium. A: cells mechanically dissociated and plated on 
poly-D-lysine. B: cells dissociated in papain and plated on poly-D-lysine. Cells survived under both conditions and many exhibit processes. C: cells 
mechanically dissociated and plated on EDA. D: cells dissociated in papain and plated on EDA. Under both conditions survival was dramatically less than 
on poly-D-lysine and process formation was nunimal. Papainized cells appear more clumped than those mechanically dispersed. E: cells mechanically 
dissociated and plated on EDA/HS. F: cells dissociated in papain and plated on EDA/HS. Survival under these conditions was also poor with minimal 
process formation. As with EDA alone, papainized cells have clumped more than mechanically dispersed cells. 
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electrons of each element possess characteristic binding 
energies. As a result, the energy pattern of emitted photo- 
electrons arising from a given element serves to unambigu- 
ously identify that element, while the precise peak posi- 
tions or chemical shifts reflect the chemical environment 



(i.e., oxidation state) in which the element is found The 
area under a given peak is proportional to the number of 
atoms corresponding to that element present in a sample 
and can be quantified from the known photoionization 
cross-section of each elemental orbital (Scofield, 1976). 






Fig. 2. Hippocampal cells from IB-day -old embryos in culture for 24 h in serum-free medium. A: cells mechanically dissociated on poly-r>lysine. B: cells 
dissociated with papain on poly-D-lysine. More cells survived and extended processes after mechanical dissociation. C: mechanically dissociated cells on 
EDA. D: papainized cells on EDA. Cell survival and process formation occurred under both of these conditions. E: mechanically dissociated cells on 
EDA/HS. F: papainized cells on EDA/HS. Survival was apparent under both conditions; however, there appeared to be more numerous and more highly 
branched processes on EDA/HS than on EDA alone. 
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For these experiments, the size of the Si peak is related to 
the amount of material present on the surface, and can be 
compared to its magnitude prior to cell culture. In high- 
resolution scans, the carbon carbonyl peak and the nitrogen 
signal allow for the preliminary identification of any de- 
posited material as either protein-like or otherwise. As 
determined by XPS, the ratio of protonated to non-proto- 
nated nitrogen signals (401 eV and 399 eV, respectively) 
indicated that the total surface charge due to the amine 
groups for EDA and Pi7was~equivaieht in combina- 
tion with eUipsometry established that the thickness of the 
PL was 15-20 A while that of the EDA was 5-7 A. After 
incubation with HS, the thickness of the material deposited 
on the silica substrates was, on average, 2-3 A thicker, as 
measured by ellipsometry. 

After the culture experiments were concluded, the sub- 
strates were vigorously washed with normal saline to 
remove all the cells (determined by microscopic observa- 
tion) followed by three rinses in distilled water to remove 
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Fig. 3. XPS survey spectra of the culture plates in scrum-containing 
medium. The plates analyzed were the same as those depicted in Fig. 1 
after removal of the cells. (Top) Poly-D-lysine-coated glass. (Middle) 
EDA-ooly-derivatized glass. (Bottom) EDA/HS-derivatized glass. Note 
that the Si signal is greatest in the bottom panel. 
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Hg. 4. XPS survey spectra of plates in serum-free culture conditions. The 
plates analyzed were the same as those depicted in Fig. 2 after removal of 
the cells. (Top) Poly-i>-lysine-coated glass. (Middle) EDA-only-deriva- 
tized glass. (Bottom) EDA/HS-derivatized glass. Note from me size of 
the Si peak that the amount of adsorbed material is much less on the 
serum-free culture plates than on the senmi containing culture plates. 
Also note that EDA/HS has the least amount of adsorbed material. 



loosely bound salts, and then re-examined by XPS. Survey 
scans for the elements were obtained by XPS, and illus- 
trate the differences in the amounts of certain elements on 
the surfaces after culture in serum (Fig. 3) and in serum-free 
medium (Hg. 4). In MEM-S, the relative amounts of 
carbon (C), oxygen (O), and nitrogen (N) were the same 
on all three surfaces (Hg. 3). Phosphorus (P) and calcium 
(Ca) could also be detected. In contrast, Hg. 4 shows that 
the relative amounts of C» O t N, P, and Ca were different 
for each surface when cells were cultured in serum-tree 
medium. 

Another difference revealed by XPS was that the amount 
or thickness of material on the EDA/HS surfaces (Hg. 3 
and 4, bottom panel) was less than on PL (Fig. 3 and 4, 
top panel) indicating that HS may be preventing media 
components, most likely proteins, from adsorbing to the 
surface. This reduction in adsorbed material did not neces- 
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Tabic 1 

Relative thickness of Si material deposited from culture media onto glass 
coverslips measured by XPS 



PL EDA EDA/HS 



Serum 




140 


323 


Papain 
Serum 
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495 


Mechanical 








Serum-free 


506 


1043 


929 


Papain 








Scrum-free 


75 


686 


512 


Mechanical 









Shown is the relative size of the Si 2p XPS peak after cell culture of 
hippocampal neurons under a variety of culture conditions. The smaller 
the Si peak, the larger the amount of protein adsorption. The peak sizes 
are in arbitrary units. Abbreviations: PL, poly-D-lysine; EDA, N-2- 
amincKnethylO-aminopropyi-triniethoxysilane; HS/EDA, heparan sulfate 
adsorbed to EDA prior to cell culture. The values are an average of two 
trials with three analyses per trial, 

sarily correlate with cell survival. The amount of adsorbed 
material on EDA was markedly different in the two types 
of media, i.e., serum-containing and serum-free (Fig. 3 and 
4, middle panel), and this did correspond to cell survival. 
The relative amount of material on a surface can be 
deduced from the magnitude of the silicon peak at 102 eV 
resulting from the underlying silica substrate. The data in 
Table 1 indicate the relative magnitude of the Si 2p peak 
for each permutation of cell culture condition. It is evident 
from the relatively small Si peaks for PL in serum-contain- 
ing medium that there were thicker adsorbed layers on this 
substrate, which ensured neuronal viability, while neurons 
did not survive on the amine-containing monolayer, EDA, 
that contained nearly as thick a deposition (Fig. 3 and 
Table 1 and 2). In serum-free conditions mechanically 
dissociated neurons survived and extended processes on 
PL while papain-treated neurons were not viable on PL. 
Again, survival on PL was associated with a thicker ad- 
sorbed layer. It should be noted that the absence of a thick 
coating appeared to be related to enhanced cell viability on 
the silane monolayer films. This is not uniformly adhered 



Table 2 



Qualitative assessment of neuronal survival and growth under various 
conditions after 24 hours in vitro 
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Serum-free N3 



A qualitative assessment of both hippocampal cell survival and neurite 
outgrowth on three different surfaces under different conditions after 24 h 
in vitro. - , poor, + to + + + , fair to very good; * , cells surviving at 1 
week in vitro. Abbreviations: PL, poly-D-lysine; EDA, N-2-aminomethyl- 
3-aminopropyl-trimethoxysilane; EDA/HS, heparan sulfate adsorbed to 
EDA prior to cell culture; M, mechanically dissociated; P, enzymatically 
dissociated using papain. 



to, as in the case of EDA/HS in seram-containing medium 
where the HS appeared to block protein adsorption but did 
not promote cell survival. 

Thus, we did not observe a one-to-one correlation be- 
tween thickness or composition and ceil survival in any of 
the conditions we investigated. Clearly there are other 
factors involved that need to be considered. 



a rt: — 2 — 

We have developed a neuronal culture system where 
critical elements, surface and medium, are well defined 
and sustain cell survival and differentiation. This is the 
fust systematic study looking at survival and growth of 
embryonic hippocampal neurons using SAM-modifted sur- 
faces as the culture substratum while varying the growth 
medium and cell dissociation method. We compared the 
ability of polylysine, a standard culture substratum, and an 
amine-containing silane monolayer to support the growth 
and differentiation of primary hippocampal neurons in 
vitro under a variety of conditions. In addition the silane 
monolayer was augmented with an anionic biological 
macromolecule, heparan sulfate. 

We combined the cell culture experiments with quanti- 
tative surface analysis to measure the reproducibility of 
surface preparation within a single experiment and from 
experiment to experiment. We found that the elemental 
composition of the surface was invariant from experiment 
to experiment, and that relatively similar amounts of mate- 
rial were deposited onto the surfaces during cell culture. 
We correlated surface properties with cell survival and 
differentiation in order to determine how the surface could 
influence neuronal behavior. Possible mechanisms in- 
cluded the following: (1) different surfaces may dictate 
different deposition profiles of biological macromolecules 
from the culture media, and these could be governing the 
interaction; (2) the surface may send signals into the cell 
with little resultant change in the material outside the cell; 
or (3) the cell may receive signals from the surface and 
therefore begin to synthesize a different extracellular ma- 
trix. 

Hippocampal neurons survived in MEM-S but only on 
PL. Examination of the relative distribution of elements on 
the three surfaces after cell culture showed few, if any, 
differences (see Fig. 3). The only apparent difference was 
the thickness of the deposited material; from the size of the 
Si peaks, there was less material on the EDA/HS surface 
than on either PL or EDA alone. Culturing hippocampal 
neurons in serum-free medium on the same three surfaces 
resulted in dramatically different cell growth trends. After 
24 h in culture, cells survived poorly on PL especially after 
enzymatic dissociation, and much better on EDA or 
EDA/HS. In contrast to the results seen in MEM-S, there 
were many differences among the three surface composi- 
tions after cell culture in MEM-N3. We conclude from 
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these results that an artificial surface combined with a 
defined medium optimizes for growth and differentiation 
of hippocampal neurons. This strategy provides a baseline 
for the development of an in vitro assay system for hip- 
pocampal culture and ultimately the development of neu- 
ronal networks. 

The results of the surface analysis, in addition to estab- 
lishing a baseline that will yield a reproducible in vitro 
system, also begins to address mechanistic questions re- 
garding events jycurring. at Ae^cell/stiTface interface-dur' 
ing cell culture. In serum-containing medium, the elements 
associated with protein adsorption (QN.O) and their rela- 
tive abundance were indistinguishable on PL, EDA, or 
EDA/HS despite dramatic differences in the ability of 
these surfaces to support neuronal growth. One difference 
we did observe was that there was far more, material 
deposited on the PL and EDA surfaces than on the 
HS/EDA-modified surface. However, this points out an 
extremely important point that if the thickness is similar on 
EDA as well as PL then the composition or state of the 
adsorbed proteins must be different based on the differ- 
ences in cell survival. It is possible that the types of 
proteins within the adsorbed layer is the result of differen- 
tial adsorption onto die surface from the medium. 

The results in serum-free medium are more difficult to 
interpret since the elemental distributions are different on 
each surface. Our study suggests that, in the absence of 
serum, the substratum may play a more dominant role in 
defining the nature of the cell/surface interaction. This is 
because the relative amounts of C, O, N, and P were 
different for EDA and PL surfaces when cells were cul- 
tured in serum-free medium. The lower amount of material 
deposited on EDA/HS surfaces suggests that the HS may 
be preventing proteins from adsorbing to the surface. We 
again observed that the thickest layer of deposited material 
was on PL, yet in MEM-N3, this was the worst substra- 
tum. Both the EDA and EDA/HS surfaces supported 
neuronal viability and had similar (thinner) adsorbed lay- 
ers. These results together suggest the following scenario: 
the nature of the surface may dictate what material is 
deposited from the medium (or is secreted by the cells) 
during the course of cell culture. Thus, modified surfaces 
exposed to different media components (i.e., those of 
MEM-S or MEM-N3) would be coated with different 
biomolecules, predominantly proteins and ions, and the 
neurons* response to the surface would then be dictated by 
the nature of the deposited material (see Fig. 5). The 
thickness of the deposited material is not the single con- 
trolling variable, nor is the nature of the surface beneath 
the deposited material (since PL and EDA/HS have oppo- 
site effects in different serum combinations); it is also 
unlikely that the plated cells are able to 'sense' the substra- 
tum underneath 50-100 A of deposited material. 

We believe die situation is similar to that depicted in 
the cartoon in Fig. 5. Adsorption of proteins onto the 
surface of biomaterials involves conformational rearrange- 
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Fig. 5. A schematic depicting our hypothesis on the effect of surface 
composition on protein structure. The top panel shows a self-assembled 
monolayer on glass with a thin layer of adsorbed protein with structure 
intact The bottom panel shows poly-D- lysine on the surface with the 
deposition of a much thicker layer of proteinaceous material. PL would 
have caused the initial adsorbed protein layer to denature. 



ment that can result in denaturation (Pusineri and Cazenave, 
1986; Brash, 1992). We postulate that less protein denatu- 
ration occurs on the monolayer surfaces. Polyanions such 
as heparan sulfate are known to prevent denaturation of 
proteins (Burke et al., 1993). Monolayers might prevent 
denaturation because they could be more difficult to dehy- 
drate than PL. The absence of denatured material on a 
surface would enhance cell survival. A related hypothesis 
is that in serum-containing medium, denatured material is 
deposited on EDA but in serum-free medium this does not 
occur. This hypothesis would further require that denatura- 
tion also occurs on PL but not enough to prevent cell 
survival. This may account for the fact that it has become a 
standard culture substratum. 

It is also of interest to note the differences observed 
between mechanically and enzymatically dissociated cells. 
In serum-containing medium the cells on EDA and 
EDA/HS clumped after enzymatic dissociation but not 
after mechanical dissociation indicating that for adhesion 
to the surface, components of the plasma membrane are 
important. If they are removed, cells adhere to each other 
more readily than to the surface. It appears that PL enables 
the establishment of a number of acceptable surfaces for 
cell growth in different media or establishes the same 
surface even in a variety of media conditions. This could 
be accomplished via selective adsorption of a particular 
macromolecule, present in most media, that requires a 
specific or non-specific interaction with some membrane 
component of the cell. Enzymatic dissociation in serum-free 
medium must remove something from the neuronal surface 
that is necessary for this interaction (and is not available in 
medium); hence, survival of the neurons is compromised. 

This study indicates that at present, we can control and 
quantify an artificial surface while maintaining cells in a 
defined medium making it easier to elucidate cell/surface 
interactions. Since the hippocampus is the brain region 
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critical to cognitive functions such as learning and memory 
and is the focus of seizure activity, understanding how 
discrete regions of the hippocampus form and what factors 
control synaptogenesis are some of the challenging issues 
in developmental neurobiology. Ultimately, we hope to 
create a system of patterned hippocampal networks and 
study neuronal behavior in a defined and reproducible 
environment. 
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Introduction 

In the areas of environmental protection, toxicology and drug development there 
are increasing demands for high-throughput functional screening methods (Rogers 1995; 
Paddle 1996; Ohlstein, Ruffolo et al. 2000; Heck, Roy et al. 2001; Croston 2002; Tzoris, 
Fearnside et al. 2002). For monitoring of the enviroxurient, whoie-celi biosensors could be 
more effective than physico-chemical methods to assess the global toxicity of the wide 
variety of chemicals that are possible pollutants (Evans, Briers et al. 1986; Rogers 1995; 
Bousse 1996; Paddle 1996; Naessens and Tran-Minh 1998). Whole-cell biosensors are 
also able to give functional information about the effect of chemicals, have the ability to 
detect unknown compounds and continuous monitoring of external conditions is possible 
as they can be made small enough to allow field applications (Bousse 1996). Another 
benefit of whole cells in environmental applications is that they allow the measurement 
of the total bioavailability of a given pollutant rather than its free form (Bousse 1996; 
Naessens and Tran-Minh 1998; Philp, Balmand et al. 2003). Similarly, in safety 
pharmacology, the side effect spectrum of a given compound is not known, thus, the 
application of complex functional tests at the whole-organism-level are necessary 
(Jorkasky 1998; Kinter and Valentin 2002) and could be addressed with this technique. 
Moreover, the availability of genomic information significantly increased the number of 
potential targets available for drug discovery and new methods are necessary for high- 
throughput functional screening for target validation (Ohlstein, Ruffolo et al. 2000; 
Croston 2002). 

Recently, the application of whole-cell biosensors for toxin detection and drug 
screening has become more readily accepted (Bousse 1996; Bentleya, Atkinsona et al. 
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2001; Baeumner 2003) as it has many benefits compared to traditional methods of 
evaluation. Several techniques have been developed to quantify the physiological 
changes induced by chemicals in whole-cell biosensors (Bousse 1996; Bentleya, 
Atkinsona et al. 2001). One of these techniques, which is frequently used for monitoring 
the physiological state / activity of excitable cells, is multi-electrode extracellular 
recording of membrane potential (Bousse 1996; Gross, Harsch et al. 1997; Denyer, 
Riehle et al. 1998; Jung, Cuttino et al. 1998; Offenhausser and Knoll 2001; Krause, 
Ingebrandt et al. 2000; Stett, Egert et al. 2003). The high-throughput or long-term 
application of extracellular recording is much preferred over intracellular action potential 
recording for many applications because the use of an intra-cellular or patch clamp 
electrode limits the life of the cell to a few hours as does the use of voltage sensitive dyes 
(all dyes reported to date, to a greater or lesser extent, are toxic to cells) (Mason 1993; 
Chiappalone, Vato et al. 2003). 

Action potential generation and the shape of the action potential depends on the 
status of several ion channels located in a cell's membrane, which are regulated by 
receptors and intracellular messenger systems (Gross, Rhoades et al. 1995; Gross, Harsch 
et al 1997; Morefield, Keefer et al. 2000). Changes in the extracellular (receptor 
activation) or intracellular environment (gene expression), in many cases, can be 
reflected in an alteration of spontaneous firing properties such as the frequency and firing 
pattern (Gross, Harsch et al. 1997; Amigo, Szczepanski et al. 2003; Chiappalone, Vato et 
al. 2003; Xia, Gopal et al. 2003) of excitable cells and also in changes in the shape of 
their action potentials (Clark, Bouchard et al. 1993; Muraki, Imaizumi et al. 1994; Akay, 
Mazza et al. 1998; Nygren, Fiset et al. 1998; Djouhri and Lawson 1999). There are many 
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examples indicating that the shape of action potential depends on the extracellular and 
intracellular environment of the cells. Sodium (Spencer, Yuill et al. 2001), potassium 
(Clark, Bouchard et al. 1993; Martin-Caraballo and Greer 2000) and calcium channel 
modulators (Ahmed, Hopkins et al. 1993; van Soest and Kits 1998), as well as several 
toxins and various pathological conditions (Muraki, Imaizumi et al. 1994: Shaw and 
Rudy 1997; Akay, Mazza et al. 1998; Djouhri and Lawson 1999) have already been 
shown to affect the shape of action potentials. However, action potential shape analysis 
for high-throughput screening applications, such as toxin detection or drug screening, has 
not yet been developed. Two primary reasons this type of analysis has been lacking to 
date is that it is difficult to obtain high fidelity recordings from chip-based extracellular 
electrodes and from the lack of models to adequately analyze the signals. 

Several mathematical models have been developed to describe the electrical 
properties and the process of action potential generation in excitable cells (Agin 1972; 
Cohen 1976; Otten 1995; Dokos 1996; Weiss 1996; Shevtsova 2003). The most widely 
used is the Hodgkin-Huxley formalism where ion channel activation and inactivation is 
described using voltage dependent activation and inactivation gates (Weiss 1996). In the 
original model the voltage and time dependence of the gates was given utilizing rate 
constants, which were taken as an empirical function of the membrane potential 
(Hodgkin.L.A and Huxley.F.A 1952). However, in lieu of using empirical functions, it is 
also possible to deduce the functional form of the voltage dependence of the rate 
constants from thermodynamics (Weiss 1996; Destexhe and Huguenard 2000). The 
applications of these models to extracellular recordings from a suitable excitable cell 
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population, in combination with the proper models, would be a logical next step in 
adapting this technology to high throughput toxin detection and drug discovery. 

The NG108-15 hybrid cell line, which was created by merging mouse 
neuroblastoma and rat glioma cells, has been widely used in in vitro experiments as a 
substitute for primary-cultured neurons (Hu, Huang et al. 1997; Doebler 2000: Tojima, 
Yamane et al. 2000). The neuronal functions and features of differentiated NG108-15 
cells have been well characterized, e.g. the presence of a wide range of voltage dependent 
and transmitter activated membrane currents have been detected as well as second 
messengers and enzymes normally found in primary neurons (Schmitt and Meves 1995; 
Lukyanetz 1998; Ma, Pancrazio et al. 1998; Tojima, Yamane et al. 2000). NG108-15 
cells are widely used in pharmacology (Hu, Huang et al. 1997) and also as a whole-cell 
biosensor for toxin detection (Ma, Pancrazio et al. 1998). One of the distinctive features 
of the NG108-15 cell line, which makes it ideal for whole-cell biosensor applications, is 
that the cells do not form synaptic connections, thus network activity does not influence 
single cell data (Ma, Grant et al. 1999). 

In this study we created a computer model of the action potential generation of an 
NG108-15 cell based on voltage-clamp and current clamp electrophysiological 
recordings. Using this model we developed and demonstrated the applicability of action 
potential shape analysis as a method for toxin detection and monitoring the physiological 
state of excitable cells. 
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Methods 



Surface chemistry 

NG108-15 cells were plated on N-l[3-(trimethoxysilyl) propyl]diethylenetriamine 
(DETA) coated glass coverslips (22x22mm, Thomas Scientific). The DETA coated 
coverslips were prepared according to published protocols (Schaffher, Barker et al. 
1995). In brief, glass coverslips were cleaned using HCl/methanol (1:1) followed by a 
concentrated H2SO4 soak for 30 min followed by a water rinse. The coverslips were then 
boiled in deionized water followed by a rinse with acetone and then oven dried. The 
DETA films were formed by the reaction of the cleaned surfaces with a 0.1% (v/v) 
mixture of the organosilane in toluene. The DETA cover glasses were heated to just 
below the boiling point of toluene, rinsed with toluene; reheated to just below the boiling 
temperature again and then oven dried. 

Culture of NG108-15 cells 

The NG108-15 cell line (passage number 16) was obtained from Dr. M. W. 
Nirenberg (NIH). The NG108-15 cells were cultured according to published protocols 
(Higashida, Streaty et al. 1986; Ma, Pancrazio et al. 1998). Briefly, the cell stock was 
grown in T-25 and T-75 flasks in 90% Dulbecco's modified Eagle's medium (DMEM, 
GIBCO) supplemented with 10% Fetal Bovine Serum and HAT supplement (GIBCO, 
lOOx) at 37°C with 10% CO2. Differentiation was induced by plating the cells in a serum- 
free defined medium (DMEM+N2 supplement, GIBCO) in 35mm culture dishes at a 
density of 40,000 cells/dish. 
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Electrophysiological recordings 

Whole-cell patch clamp recordings were performed in a recording chamber on the 
stage of a Zeiss Axioscope 2 FS Plus upright microscope. The chamber was continuously 
perfused (2 ml/min) with the extracellular solution. The composition of the extracellular 
solution for the recording of action potentials was (in mM): NaCl 140, KC1 3.5, MgCl 2 2, 
CaCl2 2, Glucose 10, HEPES 10. For the recording of potassium currents 1 \xM 
tetrodotoxin (TTX) was added to the extracellular solution. To minimize space-clamp 
errors, sodium currents were recorded in a 'decreased sodium' extracellular solution 
containing (in mM): NaCl 50, TEA-C1 100, CsCl 5, CaCl 2 1, CoCl 2 1, MgCl 2 1, Glucose 
10, HEPES 10. For the recording of calcium currents, sodium and potassium channels 
were blocked with Cs, TEA and TTX. The extracellular solution composition for the 
measurement of calcium currents was (in mM): NaCl 100, TEA-C1 30, CaCl 2 10, MgCl 2 
2, Glucose 10, HEPES 10, TTX 0.001. The pH was adjusted to 7.3 and the osmolality 
was 320 mOsm. The intracellular solutions composition for recording the action 
potentials and for potassium channel measurements was (in mM): Kgluconate 130, 
MgCl 2 2, EGTA 1, HEPES 15, ATP 5, for sodium channels was CsF 130, NaCl 10, TEA- 
Cl 10, MgCl 2 2, EGTA 1, HEPES 10, ATP 5 and for calcium channels was: CsCl 120, 
TEA-C1 20, MgCl 2 2, EGTA 1, HEPES 10, ATP 5 (pH = 7.2; osmolarity = 280 mOsm). 
For selecting L-type calcium channels, 1 |oM coCTxGVIA was used. 

Patch pipettes (4-6 Mohm resistance) were prepared from borosilicate glass 
(BF150-86-10; Sutter, Novato, CA) with a Sutter P97 pipette puller. Voltage clamp and 
current clamp experiments were performed with a Multiclamp 700A (Axon, Union City, 
CA) amplifier. Signals were filtered at 2 kHz and digitized at 20 kHz with an Axon 
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Digidata 1322A interface. Data recording and analysis was performed using pClamp 8 
(Axon) software. Sodium and potassium currents were measured in voltage clamp mode 
using voltage steps from a - 85 mV holding potential. To record high-threshold calcium 
currents, a - 40 mV holding was used. Whole cell capacitance and series resistance was 
compensated and a p/6 protocol was used. The access resistance was less than 22 Mohm. 
Action potentials were measured in current-clamp mode using 1 s depolarizing current 
injections. Data was saved in text-format and imported into MATLAB for further 
analysis. 

Simulation of ionic conductance's and action potential generation in NG108-15 
cells. 

The classic Hodgkin-Huxley model (Hodgkin.L.A and Huxley.F.A 1952) was 
used for the description of the ion channel currents, but instead of the original empirical 
description of the rate constant, the thermodynamic approach (Weiss, Urbaszek et al. 
1995; Destexhe and Huguenard 2000) was applied. Briefly, the total ionic membrane 
current was described as: 

Iionic = I Na +Iic+Ica+Ii = gN*m 3 h (V- V Na )+ g K n 4 (V- VK)+-g€at, e 3 (V- V Ca L) 

+&(v-vo. 

Dynamic changes in the membrane-potential were calculated according to: 

dV/dt = (Iexternal - Iionic)/C M . 

The dynamics of the state variables was given as dm/dt = (moc-m)/x m . Where gNftfgKfgGafe, 
Vn 8 ? Vk, VcaL are constants; m, n, h, e are the state variables, m x , n*, hoc, e* are the 
steady-state values of the state variables and the x-s are their voltage-dependent time- 
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constants. The voltage-dependence of the steady-state state parameters and the time 
constants were given using the general thermodynamic formalism: 

moc= l/(l+exp(-zF/RT (Vm-Vi /2 ))) and 

x m = A/((exp(zF/RT)ft(Vm-V 1/2 ))) *(cosh((zF/2RT)(Vm-Vi /2 ))) 

Where z, Vm> A and £ are constants and Vm represents the membrane potential. Sodium, 
potassium and calcium channel mediated currents, which were recorded in voltage-clamp 
mode at different membrane potentials, were fitted using the built-in routines (fininunc) 
of MATLAB through a custom-made graphical interface. Parameters obtained from 
different cells were averaged (n = 4-6) and considered as initial values for the action 
potential modeling. Simulated action potentials were fitted to the experimental data using 
built-in functions in MATLAB. 

Results 

The NG108-15 cells completed their differentiation process and a neuronal 
phenotype was obtained by day 10 in vitro (DIV) in the defined, serum-free medium 
(Figure 1 A). Electrophysiological experiments were performed on the differentiated cells 
between day 10 and 14 in vitro. All of the cells investigated showed pronounced sodium, 
potassium and calcium currents in the voltage-clamp experiments. Most of the cells fired 
one single action potential upon depolarization in current-clamp mode, whereas about 
10% of the cells were able to fire multiple action potentials. Only a very small minority 
of the cells (about 5%) were spontaneously active. 
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Extracting ion-channel parameters from the voltage-clamp experiments using the 
linear thermodynamic description 

Signals from sodium, potassium and high-threshold (L-type) calcium channels 
were recorded in voltage-clamp mode using the Axon's pClamp 8 program with standard 
protocols (Figure IB. CV The data were saved in ASCI! format and imported into the 
MATLAB program. A graphical interface was created to fit the mathematical model to 
the experimental data and to visualize the results. To quantify the difference between the 
fitted curves and the recorded data the following error-functions were implemented: 

1. Maximum error: E Ma x = Max(Abs(R(t n )-S(t n ))) where R(tn) is the recorded value and 

S(t n ) is the simulated data at time t n . 

2. Least Square: Equate = Zn((R(t n )-S(t n )) 2 ). 

3. Weighted Least Square: 

EwLsquare ~~ ELsquare if t n <30 ms and EwLsquare ~~ 5 *ELsq Uare iftn> 

30 ms. 

After several trials it was concluded that simulations using the Weighted Least Square 
Error function gave the most satisfactory results because the other Error Functions 
occasionally obtained a non-inactivating sodium-current component in the simulated 
data. Curves were fitted after an initial 0.1ms delay to eliminate the effect of 
experimental artifacts. In some simulations the reversal potential for the ionic 
conductances was kept constant. 



V 
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Figure 1. Estimation of ion channel parameters from the voltage-clamp experiments. A: 
Phase-contrast picture of an NG108-15 cell with a patch-clamp electrode attached to the 
cell (40x objective, scale bar = 25 jam). B: Sodium currents recorded at different 
membrane potentials of -10, 0, 10, 20 mV in voltage-clamp mode (solid line) and the 
results of the parameter fitting using the Hodgkin-Huxley model and the linear 
thermodynamic formalism (dotted line). C: Potassium currents recorded at membrane 
potentials of 0, 10, 20 and 30 mV (solid line) and the fitted curves using the model 
(dotted line). 

In general, an excellent fit to the potassium channel data (Figure IB, C) and an 
acceptable fit to the sodium and calcium channel data was acheived. The automatic fitting 
algorithm converged in less than 2 min. running on a Pentium HI 1GHz personal 
computer. After averaging the results of 3-10 experiments the initial parameter values for 
modeling the action potentials were obtained (Table 1). 
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Table 1. Average ion channel parameters characteristic of NG108-15 cells obtained by 
parameter fitting to voltage-clamp data (n = 3-10). 

Action potential shape analysis 

Action potentials were evoked with short (2 ms) current injections in current 
clamp mode either at resting membrane potential or at a - 85 mV holding potential. The 
following parameters were obtained from the patch-clamp recordings and used in the 
modeling: membrane resistance, resting membrane potential, membrane capacitance and 
injected current. The maximum conductance of the leakage current (&) was calculated 
from the ionic conductances and from the resting membrane potential. We used the 
earlier established, averaged ion-channel parameters as the initial parameters for the 
action potential fitting. Using voltage dependent sodium, potassium and L-type calcium 
conductances, an excellent fit to the rising and to the initial falling phase of the action 
potentials in the NG108-15 cells was obtained (Figure 2). 
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Figure 2. Effect of toxins on the action potentials of NG108-15 cells. Upper panel: effect 
of 0.5 |oM tetrodotoxin. Lower panel: effect of 0.5 \xM tefluthrin. Solid line: data 
recorded in current clamp experiments. Dotted line: results of the simulation using the 
mathematical model of the NG 108-15 cells. 

We also obtained an excellent fit to the experimental data in the case of the toxin- 
modified action potentials by modifying only the corresponding sodium-channel 
parameters (Figure 2, Table 2). 
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Table 2. Effect of TTX and tefluthrin on the action potential parameters. Only sodium 
channel parameters are shown, the other ion-channel parameters did not change. Data 
shown as mean ± SEM. Bold: statistically significant (p > 0.05) change. 

Discussion 

We have developed a mathematical model of the action potential generation in 
NG108-15 cells and extracted the parameters for this model from whole-cell patch clamp 
experiments. Utilizing only voltage-sensitive sodium, potassium and L-type calcium 
channels we were able to obtain an excellent fit to the rising as well as to the initial 
falling phase of the action potential. A linear thermodynamic formalism was used to 
describe the voltage and time dependence of the ionic conductances, which eliminated 
the need for * guessing' the function for the voltage-dependence of the rate constants and 
the same form (with different parameters) could be used for the characterization of all the 
ion channels. In order to validate the action potential shape analysis for utilization as a 
toxin detection method, the effect of two toxins, tetrodotoxin, a specific sodium channel 
blocker, and tefluthrin, a sodium channel opener pyrethroid were analyzed. Changes in 
the action potential shape, and also in the fitted ion-channel parameters caused by the two 
toxins, were measured. An excellent fit to the toxin-modified action potential shapes by 
modifying only the appropriate sodium channel parameters has been achieved. TTX, as 
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expected from a channel blocker, significantly decreased the maximum sodium 
conductance, but did not affect the voltage dependence of the channel (Table 2.). 
Unexpectedly, TTX effected the activation kinetics of the sodium channels as well. TTX 
moderately increased the activation A parameter by causing a slowing down of the 
activation of the channel. This effect could be an experimental artifact, because 
Franceschetti, Lavazza et al. (2003) explained the effect of TTX on the kinetics of the 
sodium channels with a non-perfect space clamp. Another explanation could be the 
existence of different subpopulations of sodium channels on the NG108-15 cells with 
different activation and inactivation time constants and different TTX sensitivities. 

The major effect of tefluthrin (a channel opener) was to slow down (practically 
remove) the inactivation of the sodium channels. Tefluthrin also affected the maximum 
sodium channel conductance and the voltage dependence of the activation and 
inactivation of the channel, shifting appropriate current- voltage (I/V) relationships to the 
left by about 15. mV. A Similar effect on the voltage dependence of the sodium channels 
was described by Spencer et al. (2001) for fenpropathrin, a tefluthrin-like pyrethroid. 

In summary, these experiments indicated that we were able to decipher and 
quantify the effects of toxins on ion channels without actually measuring ion channel 
currents in voltage-clamp experiments. Instead, changes in the shape of action potentials 
measured by patch clamp electrophysiology, combined with a validated computer 
simulation of the cell, were utilized. 

This method could be useful for toxin detection and for classification of unknown 
toxins in environmental protection scenarios or in the detection of biological and 
chemical warfare agents. It could also be extended to functional screening in drug 
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development. With the refinement of the model of the cell not only those toxins could be 
identified, which are directly acting on ion channels, but also changes in second 
messenger levels or gene expression could also be detected and classified. Moreover, 
recent advancements in the study of the cell electrode interface and microelectrode- 
fabrication technology indicate that high-fidelity extracellular recording of action 
potential shapes might be possible, which opens a new horizon for the high-throughput 
application of our method using extracellular recordings. 
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